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Abstract 
Pervaporation is an efficient membrane process for liquid separation. The past decades had witnessed substantial 
progress and exciting breakthroughs in both the fundamental and application aspect of pervaporation. In the present 
study, the separation of aqueous alcohol solution through wet-phase inversion prepared polystyrene (PS) membrane 
was investigated by using the pervaporation process. The role played by Pluronic F127 as nonionic surfactant in the 
formation of PS membrane was also studied. Addition of surfactant in the casting solution can suppress macrovoids 
in polymeric membrane. The formation of asymmetric PS membranes was discussed in terms of the presence of 
surfactant in the casting solution and the PS concentration. The surface properties of the asymmetric PS membranes 
were characterized by scanning electron microscopy (SEM) and atomic force microscopy (AFM). The effects of 
polymer concentration, surfactant content, feed composition, and feed solution temperature on the pervaporation 
performance were evaluated. The separation factor towards water and the permeation rate for a 10 wt% aqueous 
ethanol solution through the asymmetric PS membrane with a 1.5 wt% Pluronic F127 was 39 and 140 g/m2 h. 
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1.  Introduction 
Separation of azeotropic mixtures, close boiling point mixtures or isomers, and for the removal or 
recovery of trace substances by the use of pervaporation membrane separation process has been gaining 
greater interest in recent years [1,2]. However, pervaporation [3-5] using hydrophobic membrane has 
been observed to be promising and potentially a suitable remediation method for such applications. 
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Pervaporation is a membrane technology utilizing a dense non-porous homogeneous polymeric film. The 
liquid feed solution is in contact with the membrane at the upstream side, which is at atmospheric 
pressure. The liquid solute selectively dissolves and diffuses in the membrane and is removed as vapour 
at the downstream side. The pervaporation is carried out by maintaining the downstream pressure, lower 
than the saturation pressure of the permeating liquid solute at that temperature. Usually a higher vacuum 
is maintained to carry out the operation. One of the disadvantages of a dense homogeneous membrane for 
the pervaporation separation is low permeation rate, especially with highly selective membrane    
materials [6].  
Several methods of membrane preparation may be used to improve the separation performances such 
as surface modification, blending, copolymerization, and grafting a selective species on to an inert film 
[7–9]. Thus, we attempted to prepare asymmetric membranes with higher permeation rate, while retaining 
the selectivity same. Wet phase inversion is the most widely used technique for preparing the asymmetric 
membranes. The asymmetric membrane is formed by exchange of solvent and coagulation medium [10]. 
Loeb and Sourirajan were the first to prepare asymmetric hyperfiltration membrane [11]. Pinnau and 
Koros made integrally skinned asymmetric gas separation membrane from polycarbonate and polyimide 
polymer [12]. A series of membrane formation mechanism and mass-transfer models has been reported 
by Smolder et al., Radovanoric et al. and Rouvers [13–15].  
Recently, many researches indicate that membranes with macrovoid structure are useful in osmotic 
drug delivery and ultrafiltration [16,17]. Kim and Lee investigated the effect of PEG additive as a pore-
former on the structure formation of PSf membranes [18]. The influences of the addition of inorganic 
salts and the surface tension on the membrane formation were reported by Kraus et al. [19] and 
Darcovich and Kutowy [20], respectively. Therefore, understanding the formation mechanism of 
macrovoids and then controlling the formation of macrovoids is of great importance. In this study, 
polystyrene membranes were used for pervaporation separation of water/ethanol mixtures. The main 
purpose of this work is to investigate the effect of surfactant addition, the morphology of asymmetric PS 
membranes and the pervaporation performances. In addition, the surface properties of the asymmetric PS 
membranes were characterized by scanning electron microscopy (SEM) and atomic force microscope 
(AFM). 
2.  Experiment 
2.1. Materials 
Polystyrene (PS) used in this study was supplied from waste of industrial PS. The solvent, 
dichloromethane was of reagent grade and used without further purification. Distilled water and ethanol 
pure grade were used as the non-solvent. The surfactant, Pluronic F127 (PEO 99íPPO 67íPEO 99) used 
in this study was purchased from Sigma Aldrich. 
2.2. Membrane preparation 
Homogenous solution of PS dissolved in dichloromethane was prepared using Pluronic F127 as variant 
additive by stirring for 16 h at room temperature. The process of preparation of membrane followed 
blending semi continues process. The solution then was left for 4 h to allow complete release the bubbles. 
The solution was sprinkled and cast on glass plate substrate and moved to the deionized water bath with 
room temperature for immersion precipitation. After primarily phase separation and formation of 
membrane, in order to guarantee complete phase separation, the membrane was stored in water for            
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24 h. This allows the water soluble components in the membrane to be leached out. As the final stage, the 
membrane was dried by placing between two sheets of filter paper for 24 h at room temperature. 
2.3. Atomic force microscopy (AFM) analysis 
Atomic force microscopy has an important advantage in the study of surfaces in quantifying both 
surface morphology and surface interactions in a single instrument [21]. An Autoprobe CP-100 (Park 
Scientific Instruments) was used to image the membranes. The surface morphology was measured in air 
with a scan rate of 1Hz at resolution of 256 in contact mode. 
2.4. Scanning electron microscopy (SEM) analysis 
A scanning electron microscope was used to image the cross-section of the asymmetric membranes. 
The membranes are cryogenically fractured in liquid nitrogen and then coated with Au. The samples were 
measured with a JEOL JSM 6360 LA SEM. 
2.5. Pervaporation experiments 
A traditional pervaporation apparatus was used in this study [22]. The effective membrane area was 
10.17m2. A vacuum pump maintained the downstream pressure at 10-15 psi. The permeation rate was 
determined by measuring the weight of the permeate. The compositions of the feed solutions, permeates, 
and solutions absorbed in the membrane were measured by gas chromatography (GC; Shimadzu 14B). 
The separation factor was calculated from  
alcoholwater
alcoholwater
alcoholwater XX
YY
/
/
/  D                                                                                                          (1) 
Where Ywater, Yalcohol and Xwater, Xalcohol are the weight fraction of water and ethanol in the permeate and feed, 
respectively. 
3.  Results and Discussion 
3.1. Effect of surfactant content on the pervaporation performance 
In a pervaporation separation process it is desirable to have the characteristics of high permeation 
through polymer films combined with good selectivity for a polymer film. In order to obtain good 
permeability and high degree of separation for liquid mixtures, it is essential to choose the right 
membrane as well as the optimum operating conditions. According to Tsai et al. [7] the addition of 
surfactants in the casting solution can influence the formation process of macrovoids. For a hydrophilic 
coagulant, hydrophilic surfactants can enhance the formation of macrovoids while lipophilic surfactants 
cannot; on the other hand, for a lipophilic coagulant, lipophilic surfactants are more effective in changing 
membrane structure than hydrophilic surfactants. Thus, the formation of macrovoids can be controlled. 
On basis of these observations, in this study, the effect of surfactant content on the surface morphology 
can be seen in the Figure 1. These phenomena might be due to the fact that the membrane prepared by 
immersing the PS/dichloromethane solution in a water bath possessed macrovoids structure, as shown in 
Figure 1a. In these membrane formation systems, the addition of a hydrophobic surfactant in the casting 
solution can suppress macrovoids, as shown in Figure 1e. The above observation indicates that the low 
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affinity between the surfactant and the coagulant plays an important role in the formation process of 
macrovoids.  
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
Fig.1. Effect of surfactant content in PS casting solution on the cross section membrane morphology. Surfactant: Pluronic F127     
(a) 0 wt%; (b) 0.5 wt%; (c) 1 wt%; (d) 1.5 wt%; (e) 2 wt% in dichloromethane.  
Moreover, the size of macrovoids decreases with increase in the surfactant content, as shown in 
Figures 1a-e. This observation suggests that the size of macrovoids can be adjusted by amount of 
surfactant added. Thus, it is reasonable to expect that, for a membrane formation system which can form 
macrovoids, adding the hydrophobic surfactant having low affinity with the coagulant, might be able to 
suppress the formation of macrovoids. 
3.2. AFM study of membrane surface 
Possible change of membrane surface morphology due to the addition of surfactant was studied by 
means of AFM. The membranes were prepared with the solutions of pure PS and 0.5% Pluronic F127. 
Figure 2 presents the AFM images of membranes with surfactant 0.5%, 1%, 1.5% and 2% respectively. 
From the images, it is clear that the roughness of membrane modified with surfactant is increased as well 
as concentration surfactant increasing. These result appropriate with Figure 1, upon the addition of 
surfactant, the PS chain experienced chain shrinkage or chain reduction arising from the attraction among 
surfactant tails. Also it can be found from Figure 2 that the membrane with typical nodular structure and 
interconnected cavity channels is formed when Pluronic F127 is used as surfactant in the casting solution. 
It seems clear that the pore density of this membrane is depended on surfactant concentration. Average 
pore size of membranes was obtained from height profile of AFM images using SPM software. 
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Fig. 2. AFM images of the membranes: PS membrane surface with surfactant 0.5% (a); 1% (b); 1.5% (c); and 2% (d) 
Since the membrane surface porosity prepared with different concentration of surfactants is 
approximately alike, the membrane with lower pore size has lower pure water flux. For the membranes 
with small pores in the top layer, the particles form a layer on the membrane surface. However for the 
membranes with large pores, the particles enter into the membrane structure and entrap within the pores. 
These results in blockage of the pores provide extra resistance against the passage of ethanol through the 
membrane i.e. lower flux. The surface roughness parameters of the membranes which are explained in 
terms of the mean roughness (Sa), the root mean square of the Z data (Sq) and the mean difference 
between the highest peaks and lowest valleys (Sz) were calculated by SPM DME software. 
Figure 3 indicates that there is correlation between the roughness parameter and the membrane data, 
including pure water permeability and solute separation. On the other hand, colloidal fouling of 
membrane is nearly perfectly correlated with membrane surface roughness, regardless of physical and 
chemical operating conditions. It was further demonstrated that AFM images of fouled membranes 
yielded valuable insights into the mechanisms governing colloidal fouling. At the initial stages of fouling, 
AFM images (Figure 2) clearly show that more particles are deposited on the rough membranes than on 
the smooth membranes. Particles preferentially accumulate in the valleys of rough membranes, resulting 
in valley clogging, which causes more severe flux decline than in smooth membranes. 
In an AFM, the surfactant aggregate is probed by measuring the force between a sharp tip and the 
micelle adsorbed at the interface between the solid and the solution. To obtain contrast there must be 
lateral variation in the force between the tip and the adsorbed micelle. This lateral variation in the force 
arises from both topography and chemical variations. The resolution is maximized in two ways: (1) by 
using a very sharp tip that receives a large contribution of total force from a small area of the solid and (2) 
by making measurements where the force has a very high gradient normal to the surface. Sharp AFM tips 
typically have a radius of about 10 nm, which is similar to the smallest radius of curvature of adsorbed 
micelles. Therefore, the force between the tip and the micelle at any tip location includes large force 
contributions arising from a region of the micelle, not from a point on the micelle. Thus, AFM tips of 
today cannot be used to map accurately the shape of highly curved adsorbed micelles. The lateral extent 
of a small micelle can be estimated from an AFM image by examining the spacing between the centers of 
adjacent micelles. In other words, the AFM is good at examining the arrangement of micelles, which can 
then be used to infer the shape.  
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Fig. 3.  Corelation concerning surface roughness and pure water permeability 
3.3. Effect of surfactant concentration on the pervaporation performance 
The effect of surfactant concentration on the pervaporation performances for the system 
PS/dichloromethane with variant of weight Pluronic F127 surfactant in the casting solution is shown in 
Figure 4. Figure 4 shows that the separation factor increases and the permeation rate decreases with an 
increase in the surfactant concentration of the casting solution. These results might be due to the fact that 
an increase in the initial polymer concentration in the casting solution leads to a much higher polymer 
concentration at the surface. This implies that the volume fraction of polymer increases and, consequently, 
a lower porosity is obtained. Upon the addition of surfactants [23], it was found that there were 
conformational changes of polymer chains as noted in the previous section. This conformational change 
can affect the permeation flux positively or negatively, depending on the binding geometry of surfactant 
on the polymer chain. That is, the separation performance of the surfactant complexes membranes is 
largely affected by the surfactant type, the extent of binding, and the quantity of surfactant etc. 
 
Fig. 4. Effect of surfactant concentration on the pervaporation performances. Feed concentration is 10 wt% EtOH 
The data in Figure 4 shows that the separation factor increases with increasing the surfactant (Pluronic 
F127) content. Nevertheless, the permeation rate decreases gradually when the surfactant content 
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increases. These phenomena might be due to the fact that the membrane prepared by immersing the 
PS/dichloromethane solution in a water bath possessed macrovoids structure, as shown in Figure 1. 
4.  Conclusion 
Asymmetric PS membrane prepared via the wet-phase inversion method with a surfactant (Pluronic 
F127) added to the casting solution effectively improved the pervaporation performances throughout this 
study. Addition of surfactant (Pluronic F127) in the casting solution can suppress macrovoids in the 
asymmetric PS membrane. Water molecules preferentially permeate through the membrane. Optimum 
pervaporation results were obtained by the asymmetric PS membrane with 1.5 wt% Pluronic F127 content, 
giving a separation factor of 39, permeation rate 140 g/m2 h. 
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